The glucagon-like peptide (GLP)-1 receptor agonist lixisenatide (Lyxumia ® ) was approved for marketing by the European Medicines Agency in February 2013 and has been evaluated in a clinical study program called GetGoal. Lixisenatide activates the GLP-1 receptor and thereby exercises the range of physiological effects generated by GLP-1, which consist of increased insulin secretion, inhibition of glucagon secretion, and decreased gastrointestinal motility alongside the promotion of satiety. In the GetGoal study program, lixisenatide demonstrated significant reductions in glycated hemoglobin (HbA 1c ), and fasting and postprandial plasma glucose compared with placebo. The effect on glycemia was evident, with both monotherapy and in combination with insulin and various oral antidiabetic agents. Furthermore, a general trend towards reduced bodyweight was reported. In head-to-head trials with the other GLP-1 receptor agonists (exenatide and liraglutide) on the market, lixisenatide demonstrated a superior effect with respect to reduction in postprandial plasma glucose and had a tendency towards fewer adverse events. However, lixisenatide seemed to be less efficient or at best, equivalent to exenatide and liraglutide in reducing HbA 1c , fasting plasma glucose, and bodyweight. The combination of a substantial effect on postprandial plasma glucose and a labeling with once daily administration separates lixisenatide from the other GLP-1 receptor agonists. The combination of basal insulin, having a lowering effect on fasting plasma glucose, and lixisenatide, curtailing the postprandial glucose excursions, makes sense from a clinical point of view. Not surprisingly, lixisenatide is undergoing clinical development as a combination product with insulin glargine (Lantus ® ). At present the main place in therapy of lixisenatide seems to be in combination with basal insulin. A large multicenter study will determine the future potential of lixisenatide in preventing cardiovascular events and mortality, in patients with type 2 diabetes and recent acute coronary syndrome. Keywords: GLP-1, incretin, pharmacology, GetGoal, T2DM
Pathophysiology of type 2 diabetes mellitus (T2DM) and glycemic control
T2DM is a result of both heritage and environment. The fast-increasing prevalence of T2DM during recent years is, however, mainly seen as a consequence of an evolution towards a sedentary lifestyle and overeating. It is estimated that in 2025, almost 400 million people worldwide will suffer from diabetes, with T2DM comprising more than 90% of the cases.
1 T2DM is a multifaceted disease characterized by a disruption of glucose and lipid metabolism, leading to hyperglycemia in both the fasting and postprandial state. It has been suggested that postprandial glycemic excursions play a major role in the metabolic disequilibrium of patients suffering from mild or moderate hyperglycemia, whereas the role decreases as patients progress toward poorer diabetic control 2 -fasting hyperglycemia appears to be a main contributor to the overall hyperglycemia in poorly controlled diabetic patients. 2 Subjects with T2DM exhibit peripheral and hepatic insulin resistance, β-cell dysfunction (including an absent early insulin secretory response), reduced β-cell mass, and glucagon hypersecretion. 3 The compromized β-cell function seems to be partly due to an impaired response to the incretin hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). 4 T2DM is typically a progressive disease characterized by worsening glycemia, which over time necessitates escalating pharmacotherapy if treatment goals are to be met. 5 Patients with T2DM have a reduced life span expectancy of up to 10 years, primarily due to an increased risk of fatal cardiovascular events. 6 In order to reduce this risk, it is very important to treat cardiovascular risk factors, such as obesity, hyperlipidemia, and hypertension. 7 In addition, it is well established that the risk of microvascular and macrovascular complications is related to overall glycemia, as measured by glycated hemoglobin (HbA 1c ), and this remains a major focus of therapy. 8 A variety of therapeutic options are available for the treatment of hyperglycemia in patients with T2DM. It is generally accepted that the initial therapy should consist of lifestyle changes plus metformin. 8 The American Diabetes Association and the European Association for the Study of Diabetes recommends lowering HbA 1c to ,7.0% in most patients. Furthermore, fasting and premeal glucose should be maintained at ,7.2 mmol/L and the postprandial glucose (PPG) at ,10 mmol/L. 8 These recommendations should be considered within the context of the needs, preferences, and tolerances of each patient. If needed, several different drugs (sulfonylureas, insulin, dipeptidyl peptidase [DPP]-4 inhibitors, and GLP-1 receptor agonists) can be used in combination with metformin to reach an individualized HbA 1c target. A general lack of comparative effectiveness research regarding these different antidiabetic drugs makes it difficult to put together a preferred algorithm when considering add-on treatment to metformin. 8 All of these agents, used alone or in combination, are associated with different adverse events (eg, hypoglycemia, weight gain, and/or gastrointestinal side effects) that must be taken into account.
Three GLP-1 receptor agonists (GLP-1RAs), exenatide twice daily (Byetta ® ; Amylin Pharmaceuticals, Inc, San Diego, CA, USA), exenatide once weekly (Bydureon ® ; Bristol-Myers Squibb, New York, NY, USA and AstraZeneca, London, UK), and liraglutide once daily (Victoza ® ; Novo Nordisk, Bagsvaerd, Copenhagen, Denmark) are currently available for the treatment of T2DM. In November 2012, the European Medicines Agency adopted a positive opinion for the new GLP-1RA, lixisenatide (Lyxumia ® ; Sanofi SA, Paris, France), and this was followed by marketing approval in February 2013.
The aim of this manuscript was to review the clinical data of lixisenatide, identified by searching the US National Institutes of Health registry (ClinicalTrials.gov), and reviewing Medline indexed published articles and scientific meeting posters and abstracts.
The incretin system as a therapeutic target for T2DM
The incretin effect refers to the amplification of insulin secretion elicited by hormones secreted from the gastrointestinal tract. 9 The effect is quantified by comparing insulin responses to oral and intravenous glucose administration, in amounts adjusted in order to achieve identical glucose excursions. 10 The incretin effect has been shown to account for as much as 50%-70% of insulin secretion following oral glucose ingestion in healthy subjects. 11 The incretin effect is markedly reduced in patients with T2DM, and this contributes importantly to the postprandial hyperglycemia seen in these patients. 12 In addition to the insulinotropic effect, the incretin hormones have a variety of advantageous effects in relation to the typical phenotype of patients with T2DM, as will be addressed below.
Currently, it is generally agreed upon that the incretin effect is mainly constituted by the two incretin hormones GLP-1 and GIP. 13 The effects of the two hormones, with respect to insulin secretion, is additive, and they seem to make an equal contribution to the incretin effect in healthy subjects.
14 However, in a study by Nauck et al, 15 GIP was reported to make a larger contribution to the incretin effect than GLP-1. The insulinotropic effect of GIP is severely impaired in most patients with T2DM, whereas the effect of GLP-1 is retained at supraphysiological doses, 15 thus making GLP-1 interesting as a therapeutic option in T2DM.
GLP-1 is a 30-amino acid polypeptide produced in the endocrine L-cells of the intestinal epithelium, as a product of proglucagon gene expression. 16 L-cells are located with the highest density in the ileum and the colon but can be found throughout the intestinal tract.
9 GLP-1 is secreted rapidly in response to the ingestion of nutrients, with a noticeable response after 10 minutes. 16 The enzyme DPP-4 is responsible for the rapid degradation and inactivation of GLP-1, resulting in a short elimination half-life (t ½ ) of native GLP-1 of 1-1.5 minutes. 17 Until now, a number of GLP-1RAs resistant to degradation by DPP-4 have been developed for therapeutic use. Furthermore, several different DPP-4 inhibitors are available for the treatment of patients with T2DM.
GLP-1 augments insulin secretion by the pancreatic β-cells in a glucose-dependent manner and has also been shown to enhance all steps of insulin biosynthesis as well as insulin gene transcription. 13 The potentiating effect on insulin release is absent at plasma glucose levels below 4 mM, resulting in a low risk of hypoglycemia. 18 In rodents, GLP-1 has trophic effects on β-cells, 19 and in isolated human islets, GLP-1 has been demonstrated to inhibit apoptosis of β-cells. 20 Glucagon secretion, and thereby, hepatic glucose production, is inhibited by GLP-1. 21 Equivalent to the effect on insulin release, the suppression of glucagon secretion is glucose-dependent, and so, GLP-1 has no inhibitory effect on glucagon release at hypoglycemic plasma glucose concentrations, resulting in a preserved counter-regulatory glucagon response to hypoglycemia. 18 It seems that the inhibition of glucagon secretion is as clinically important as the insulinotropic effect of GLP-1 for the treatment of hyperglycemia in patients with T2DM. 22 Furthermore, GLP-1 decreases gastrointestinal motility, which, in combination with afferent signaling through the vagus nerve and activation of GLP-1 receptors in the central nervous system, promotes satiety and reduces food intake, thereby controlling or even reducing body weight. 16, 23 The delaying effect of GLP-1 on gastric emptying plays an important role in PPG control following short-term GLP-1 receptor activation. 24 Finally, GLP-1 seems to have several beneficial effects in relation to the cardiovascular system. GLP-1 has been shown to improve left ventricular function in the failing and ischemic heart, 25, 26 to improve endothelial dysfunction in patients with T2DM and coronary heart disease, 27 and moreover, seems to increase myocardial salvage after myocardial infarction. 28 Additionally, GLP-1 has been found to cause a reduction in the postprandial rise in serum triglycerides and free fatty acids in healthy subjects. 29 Furthermore, GLP-1 has been shown to exercise a blood pressure-lowering effect, 30 presumably based on both its vasodilatory 31 and diuretic properties.
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Pharmacology of lixisenatide
Lixisenatide is a GLP-1RA for once daily subcutaneous injection, developed by Sanofi under license from Zealand Pharma A/S (Copenhagen, Denmark). As previously described, market authorization approval was granted in February 2013. The peptide is based on the structure of exendin-4 (exenatide) and contains 44 amino acids. The modifications, compared with exendin-4, consist of a deletion of a proline residue and an addition of six lysine residues C-terminally ( Figure 1 ). The time to maximal plasma concentration (t max ) has been reported to be approximately 2 hours in both healthy subjects and patients with T2DM. 33 The mean maximal plasma concentration (C max ) with the intended 20 µg once daily dosing was demonstrated to be 187 pg/mL, 34 and C max has been reported to be higher in healthy subjects compared with patients with T2DM. 33 Lixisenatide is resistant to cleavage by DPP-4 but is, like native GLP-1, still subject to renal filtration. 35 The resulting elimination t ½ in plasma is 2-3 hours, 34, 36 which is similar to the values obtained with exenatide. 37 In patients with moderate renal impairment (creatinine clearance 30-50 mL/min), the clearance of lixisenatide is not affected, while in patients with severe renal impairment (creatinine clearance , 30 mL/min, not requiring renal dialysis), clearance is lowered by approximately 30%. 38 Lixisenatide has been shown to lower the C max and to prolong the t max of concomitantly administered oral warfarin, acetaminophen, and ethinyl estradiol. However, the extent of absorption (area under curve) was not shown to be significantly affected, which is consistent with a delaying effect on gastric emptying. 39, 40 In early binding studies, lixisenatide demonstrated a fourfold higher affinity for the human GLP-1 receptor when compared with native GLP-1. 41 This affinity is claimed to be superior to that of the similar compound exenatide, though no head-to-head trials have been published. 42 In a 13-week randomized, placebo-controlled trial, the efficacy of lixisenatide with respect to glycemic control was shown to reach a plateau at a dose of 20 µg once daily. 43 The optimal dose of 20 µg once daily differs from the twice-daily administration of exenatide. This suggests a longer duration of action as compared with exenatide despite a similar elimination t ½ , 
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which could reflect the difference in affinity for the GLP-1 receptor between the two peptides. Lixisenatide activates the GLP-1 receptor and thereby generates the range of physiological effects generated by GLP-1. As described earlier, these consist of increased insulin secretion, inhibition of glucagon secretion, and decreased gastrointestinal motility alongside the promotion of satiety and several promising cardiovascular effects. Although lixisenatide stimu lates insulin secretion, its marked effect on postprandial blood glucose levels seems mainly to be mediated through the inhibition of gastric emptying. 44 
Clinical study program
Lixisenatide has been evaluated in a clinical study program entitled GetGoal. Several different studies have now been completed, and many of the results have been published as either abstracts or full-length publications. Furthermore, there are a number of on-going trials for which results are being awaited. An overview of the studies with already published results can be found in Table 1 . The vast majority of the listed studies had the change in HbA 1c from baseline as the primary outcome. HbA 1c can be used as an estimate of average blood glucose levels during the preceding 2-3 months. 45 Fasting plasma glucose (FPG) and PPG were both frequently listed as secondary outcomes. The change in bodyweight was also an outcome measure in most of the studies. Finally, many of the studies reported safety and tolerability data.
Glycemic control Change in HbA 1c
Results from nine studies in the GetGoal program with HbA 1c as primary outcome have so far been presented ( Table 2 ). The HbA 1c at baseline was approximately 8%-8.5% in these studies. In the GetGoal-Duo 1 study, the average HbA 1c was initially 8.6% at screening but had decreased to 7.6% at randomization after the run-in treatment with insulin glargine. 46 In eight out of nine studies, lixisenatide was compared with placebo. This was done in different regimes with respect to dosage titration and time of day for administration. In the studies, lixisenatide was used as both monotherapy and as add-on to metformin, sulfonylureas, glitazones, insulin, and various combinations of these antidiabetic drugs. The GetGoal-X study compared lixisenatide with exenatide (Byetta) as add-on to metformin.
In these various trials, lixisenatide was shown to reduce HbA 1c between 0.32% and 0.88% when compared with placebo. The smallest reductions of 0.32% and 0.36% were seen in the GetGoal-Duo1 and the GetGoal-L study, respectively. 46, 47 In the GetGoal-Duo 1 study, this could have been due to a lower HbA 1c at randomization and additionally, a decrease in the daily basal insulin dose of 2.2 IU in patients treated with lixisenatide as compared with the placebo group. Along these lines, the patients treated with lixisenatide, when compared with controls, either had substantial reductions in daily basal insulin dose (eg, the GetGoal-L, a reduction of 5.6 versus [vs] 1.9 IU) in combination with minor changes in HbA 1c , or a smaller reduction in daily basal insulin dose (1.4 vs 0.1 IU) combined with a larger reduction in HbA 1c , as observed in the GetGoal-L-Asia study. 48 There was no readily apparent correlation between the obtained reductions in HbA 1c and the specific combinations of antidiabetic drugs in the nine studies. In general, significantly more patients treated with lixisenatide compared with placebo reached the defined target of HbA 1c below 7.0%.
The primary outcome of the GetGoal-X study 49 was to establish the noninferiority of lixisenatide to twice daily exenatide (Byetta) as add-on therapy to metformin, in terms of HbA 1c reduction. Both lixisenatide and exenatide reduced HbA 1c significantly, by 0.79% and 0.96%, respectively. Thus, despite a statistically significant difference of 0.17% (95% confidence interval: 0.03%-0.30%) in HbA 1c reduction, noninferiority was claimed because the upper limit confidence interval for the estimate did not exceed the noninferiority margin of 0.4%. Similar proportions of patients in the two treatment groups achieved the target HbA 1c below 7.0% or 6.5%.
In another study, lixisenatide was reported to have a significantly smaller effect on HbA 1c compared with liraglutide, with reductions of 0.32% and 0.51% (P , 0.01), respectively. 50 However, the duration of this study was only 4 weeks, which could question the relevance of the chosen outcome measures, considering that HbA 1c is an estimate of average blood glucose levels over the preceding 2-3 months.
In the GetGoal-M study, 51 lixisenatide was administered either before breakfast or dinner in order to assess whether the administration time of day was important for reductions in HbA 1c . No significant difference between the two groups treated with lixisenatide at different times was observed, although a tendency towards higher effect with morning administration was seen (HbA 1c reduced with 0.49% vs 0.37%).
A meta-analysis based on six of the trials from the GetGoal program compared the effect of lixisenatide in different age groups and found comparable and significant HbA 1c reductions in all groups ( Figure 3 ). 
FPG and PPG
A number of studies from the GetGoal program have so far reported results regarding the effect of lixisenatide on FPG and PPG. GetGoal-X has compared lixisenatide with exenatide, whereas treatment with placebo was used as the control in the remaining studies. As previously described, the studies include several different combinations of antidiabetic treatments (see Table 1 ). Treatment with lixisenatide, as compared with placebo, generally resulted in a significant decrease in FPG. The obtained range of decrease from baseline was between 0.6 and 1.1 mmol/L. The GetGoal-Duo 1 46 was the only placebocontrolled trial with no observed effect of lixisenatide on FPG. In fact, a small rise in FPG was seen in both the treatment and the control groups in this study. It has to be noted that the baseline FPG of 6.6 mmol/L in this study was by far the lowest in the group of trials reporting results on FPG, and this could be an explanation for the absent effect. In comparison, the FPG at baseline was approximately 9.0 mmol/L in the GetGoal-Mono study 53 that had the largest observed decrease (of 1.1 mmol/L) in FPG. In the GetGoal-X study, 49 both lixisenatide and exenatide resulted in a significant decrease in FPG, from baselines of 1.2 and 1.4 mmol/L, respectively. 49 Thus, no significant difference in effect between the two treatments was observed. In contrast, liraglutide demonstrated a greater reduction in FPG compared with lixisenatide (1.3 vs 0.3 mmol/L) (P , 0.01). 50 Results from the GetGoal study program indicate that lixisenatide has a pronounced effect on postprandial glycemic control. Compared with placebo, significant decreases (of 3.2-7.2 mmol/L) in PPG from baseline have been observed. The PPG values were measured 2 hours after a standardized test meal. The lowest reported effect was seen in the GetGoal Duo-1 study. Again, the characteristics of the patients at baseline could at least partly help explain the difference between studies. In the GetGoal Duo-1 study, the average PPG at baseline was 13 mmol/L, whereas the GetGoal-L-Asia study had the largest observed effect on PPG and also had the highest baseline PPG value (of 18 mmol/L). 48 A head-to-head trial with the main objective of comparing the effect of lixisenatide and liraglutide on PPG excursions was not part of the original GetGoal program but was also conducted by Sanofi. The patients included in the study had a baseline maximum PPG excursion of 4.9 mmol/L, which was reduced to 1.0 and 3.5 mmol/L (P , 0.01) after treatment with lixisenatide and liraglutide, respectively. 50 Furthermore, the area under the plasma glucose concentration curve in a 4-hour period after the start of the standardized breakfast submit your manuscript | www.dovepress.com One-step doses titration -0.66% (P , 0.01) A study by Lorenz et al, 54 presented at the scientific sessions of the American Diabetes Association 2012 meeting, tested the effect of a morning administration of lixisenatide on postprandial glycemia throughout the day. The largest effect on PPG was seen after breakfast, in accordance with the relatively short elimination t ½ of lixisenatide. Although smaller, the effect on PPG observed after lunch and dinner was still improved compared with placebo ( Figure 2) . Thus, it seems that lixisenatide exercises the most pronounced effect on PPG following the first meal after administration of the drug. The interpretation of this result was that the marked PPG-effect of lixisenatide mainly reflected the delaying effect on gastric emptying; the same interpretation was put forth and discussed by Distiller and Ruus. 34 This suggests a possible advantage of administration of lixisenatide in conjunction with the main meal of the day, an assumption that still needs to be tested in clinical settings. Besides the effect on gastric emptying, lixisenatide also increases first-phase insulin secretion by almost threefold, thereby accelerating glucose disposition in subjects with early-stage T2DM. 36 This insulinotropic effect could also contribute to the improvement in postprandial glycemic control seen after treatment with lixisenatide.
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-1.1 mmol/L (P , 0.01) -4.8 mmol/L (-6.3; -3.4) ∼0.0 kg Two-step doses titration -0.54% (P , 0.01) -0.9 mmol/L (P , 0.01) -3
weight
Nine studies in the GetGoal program have so far reported results on change in body weight after treatment with lixisenatide. In these studies, the effect of lixisenatide was compared with both placebo and exenatide. Furthermore, one study has reported results of lixisenatide vs liraglutide, with respect to change in body weight. Body mass index (BMI) at baseline was between 30 and 34 kg/m 2 , except in the GetGoal-L-Asia study that had an Asian study population with a BMI at baseline of 25 kg/m 2 ( Table 1 ). The eight placebo-controlled trials found diverse effects of lixisenatide, with changes in body weight in the range of -2.7 to +0.3 kg and reductions between -1.3 and 0.0 kg, when compared with placebo (Table 2 ). In four of the studies, patients were treated with sulfonylurea or insulin, both of which can cause weight gain. A statistically significant placebo-adjusted decrease in body weight was reported in the GetGoal-L, GetGoal-Duo 1, GetGoal-S, and the GetGoal-F1 studies. 46, 47, 55, 56 In three of these studies, lixisenatide was used as add-on to insulin or sulfonylurea, but increase in bodyweight was only observed in the GetGoal-Duo 1 study, which found increases after treatment with lixisenatide and placebo, of 0.3 kg and 1.2 kg, respectively. 46 In the GetGoal-X study, 49 exenatide demonstrated a more pronounced effect on body weight than did lixisenatide. This study reported the two drugs to cause significant weight reductions from baseline, of 4.0 and 3.0 kg, respectively. Thus, the mean difference was 1.0 kg (95% confidence interval: 0.5-1.6), in favor of exenatide. 49 The head-to-head trial comparing lixisenatide and liraglutide mentioned above found a decrease in body weight of 1.6 and 2.4 kg after 4 weeks of treatment with lixisenatide and liraglutide, respectively (P , 0.01). 50 
Safety and tolerability Clinical safety of lixisenatide
All of the trials in the GetGoal program have reported results concerning the safety of treatment with lixisenatide (Table 3) .
submit your manuscript | www.dovepress.com Notes: One-step titration: 10 µg once daily for 1 week (GetGoal-Mono) or 2 weeks (GetGoal-F1), before reaching the target dose of 20 µg; two-step titration: 10 µg once daily for 1 week followed by 15 µg for 1 week, before reaching the target dose of 20 µg. A lixisenatide target dose of 20 µg once daily was used in all studies. The GetGoal-X study applied an exenatide target dose of 10 µg twice daily. Abbreviation: AE, adverse event.
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Additionally, treatment discontinuation rates among patients were stated in most of these studies ( Table 4 ). The overall frequency of adverse events (AEs) to treatment with lixisenatide varied from 52% in the GetGoal-Mono study to 89% in the GetGoal-L-Asia study. Likewise, the occurrence of serious adverse events (SAEs) differed substantially between these same two studies, with rates of 0% and 13%, respectively.
48,53
The most frequently reported AEs to treatment with GLP1RAs are related to the gastrointestinal system, with nausea and vomiting being by far, the most frequent. Gastrointestinal submit your manuscript | www.dovepress.com Dovepress Dovepress complaints most often occur within the first month of treatment and tend to diminish over the following weeks. 53 Hypoglycemia is a feared AE to antidiabetic treatment and especially with insulin and the sulfonylureas. A limited risk of treatment-induced hypoglycemia in relation to lixisenatide would be expected when considering the glucose-dependent manner of effect. However, the risk of hypoglycemia must especially be taken into account when using lixisenatide in combination with other antidiabetic drugs and in particular, with insulin and sulfonylurea, which will very often be the case in clinical practice.
As expected, some patients in the clinical studies discontinued treatment before completing the planned follow up. In general, most of these discontinuations were associated with treatment-related AEs. The most relevant findings concerning safety and tolerability will be further elucidated in the following sections.
Gastro-intestinal adverse effects
The most frequent AE, nausea, was observed in as many as 20%-40% of patients treated with lixisenatide in the GetGoal program (Table 3 ). In the placebo-treated patients, nausea was much less common, with a range of 4%-11%. Nausea in relation to lixisenatide was most frequently observed in the GetGoal-L-Asia study. An exclusively Asian population with a suggested more advanced disease due to longer duration of T2DM compared with patients in the remaining studies was listed as a possible explanation for the higher observed incidence. 48 Additionally, the study population in the GetGoal-L-Asia study had a relatively low BMI (25 kg/m 2 ), which could have led to a relatively higher exposure of lixisenatide and thereby, a higher incidence of nausea.
Vomiting was in general, less frequently observed, with rates of 7%-18% and 0%-4% in patients treated with lixisenatide and placebo, respectively (Table 3 ). Again, the highest incidence was observed in the GetGoal-L-Asia study. It has been suggested that the incidence of gastrointestinal AEs can be reduced using a dose-escalation strategy. 57 However, in both the GetGoal-Mono and in the GetGoal-F1 study, a trend towards higher incidence of gastrointestinal AEs following two-step titration compared with one-step titration, was observed (Table 3) . 53, 58 In the GetGoal-X study, lixisenatide was found to cause less gastrointestinal AEs compared with exenatide. In this study, the incidence of nausea and vomiting in the lixisenatide-treated group was 25% and 10%, respectively. The corresponding rates for patients treated with exenatide were 35% and 13% (Table 3) . 49 The head-to-head trial comparing lixisenatide and liraglutide as add-on to metformin found similar incidences of nausea (23% vs 22%) and vomiting (10% vs 7%) in the two treatment groups. Diarrhea seemed to be more frequent during treatment, with liraglutide having an incidence of 16% as compared with 3% for lixisenatide. 50 In the GetGoal-X study, 49 diarrhea was observed in 10% and 13% of patients treated with lixisenatide and exenatide, respectively. In the placebo-controlled trials of the GetGoal study program, diarrhea was observed in 7%-9% of patients treated with lixisenatide and 3%-11% of controls. Interestingly, in the GetGoal-P study, 59 a higher occurrence of diarrhea was observed with placebo compared with lixisenatide treatment.
As previously described, the gastrointestinal AEs in relation to treatment with GLP-1 often tend to decrease within the first weeks of ongoing use. The GetGoal-Mono study stated that the gastrointestinal AEs diminished within 7 weeks of ongoing treatment, and the GetGoal-L, GetGoal-Duo 1, and GetGoal-L-Asia studies also described a spontaneous reduction in gastrointestinal AEs over time. [46] [47] [48] 53 Hypoglycemia All studies in the GetGoal program reported results concerning hypoglycemic events. The applied definition of symptomatic hypoglycemia in these studies was: symptoms of hypoglycemia, with accompanying blood glucose , 3.3 mmol/L or prompt recovery after carbohydrate intake. Furthermore, severe hypoglycemia was defined as hypoglycemic episodes requiring assistance.
As previously described, the glucose-dependent effect of lixisenatide should in theory, confer a low risk of treatment-induced hypoglycemia. The GetGoal-Mono study 53 confirmed this assumption. In this study, lixisenatide monotherapy caused symptomatic hypoglycemia in 0.8% and 2.5% of patients treated with lixisenatide one-step and two-step titration, respectively. A similar incidence of 1.6% was observed in the combined placebo group. No severe hypoglycemic events were reported in the GetGoal-Mono study. Both the frequency and severity of hypoglycemia in clinical trials seemed to be highly dependent on comedication with insulin or the sulfonylureas, as these drugs are known to raise serum insulin levels irrespective of the prevailing plasma glucose level. A limited frequency of hypoglycemia was seen in studies combining lixisenatide with metformin and the glitazones (GetGoal-P, GetGoal-M, and GetGoal-F1). The highest frequency of symptomatic hypoglycemia in lixisenatide-treated patients in these studies was 7.5%, and the reported incidences were in general, comparable with submit your manuscript | www.dovepress.com Dovepress Dovepress placebo (Table 3) . 51, 58, 59 Furthermore, no severe hypoglycemic events were reported in any of these studies.
The combination of treatment with lixisenatide and insulin in the GetGoal-L, 47 GetGoal-L-Asia, 48 and GetGoalDuo 1 46 studies resulted in considerably more hypoglycemic events. Incidences of symptomatic hypoglycemia between 20% and 43% in lixisenatide-treated patients were reported in these studies. The frequency of symptomatic hypoglycemia was similar to that seen with placebo in the GetGoal-L study, whereas the incidence was almost doubled in comparison to that of placebo in the GetGoal-L-Asia and GetGoal-Duo 1 studies (Table 3 ). Symptomatic hypoglycemia was by far the most common in the GetGoal-L-Asia study, which could be explained by the fact that 70% of patients in this study, in addition to insulin, were treated with sulfonylureas. One (0.4%) and four (1.2%) cases of severe hypoglycemia in lixisenatide-treated patients were reported in the GetGoalDuo 1 and GetGoal-L studies, respectively. No cases were reported in the placebo-treated controls.
Lixisenatide was used as add-on to sulfonylurea in the GetGoal-S study. 56 Comparable frequencies of symptomatic hypoglycemia (15% vs 12%) were observed in the lixisenatide and placebo-treated patients. One case (0.2%) of severe hypoglycemia was reported in the group treated with lixisenatide and none in relation to placebo. It has been suggested that sulfonylurea drugs may uncouple the glucose dependency of GLP-1. 60 Whether this possible mechanism was responsible for the difference in observed cases of hypoglycemia is unknown. However, the data showed that the risk of hypoglycemia must be considered when using lixisenatide in combination with sulfonylurea and particularly, if additional treatment with insulin is applied.
In the GetGoal-X study, 49 significantly fewer patients treated with lixisenatide experienced a symptomatic hypoglycemic event as compared with exenatide. The incidences of hypoglycemia were 2.5% and 7.9% (P , 0.05). No cases of severe hypoglycemia were reported. In the head-to-head study between lixisenatide and liraglutide, no cases of either symptomatic or severe hypoglycemia were reported. 50 
Other adverse events
No cases of suspected pancreatitis have been observed during treatment with lixisenatide. A total number of four allergic reactions in about 2500 patients treated with lixisenatide have been reported. One patient experienced angioedema 53 and the remaining three had urticarial reactions. 48, 50, 53 Other adverse events (eg, headache and dizziness) were in general, reported only slightly more often after treatment with lixisenatide compared with placebo.
The head-to-head trial comparing lixisenatide and liraglutide found these treatments to cause a change in heart rate, of -3.6 and +5.3 beats/min, respectively. The observed difference between treatments of 8.9 beats/min was significant. 50 A different study reported no changes in heart rate following treatment with lixisenatide. 43 
Antibody formation
Two studies have discussed the clinical importance of anti-lixisenatide antibodies. In the GetGoal-Mono study, 53 the development of antibodies was reported in approximately 60% of patients treated with 20 µg lixisenatide once daily. In another study, antibodies were found in 43% of subjects treated with 10 µg lixisenatide once daily and in 71% treated with 20 µg twice daily. 43 No relevant differences were reported in terms of safety and efficacy between antibodypositive and -negative patients in either of the two studies. None of the studies reported on the incidences of high-titer antibodies, which have been noted to better predict the clinical significance of antibodies to the similar GLP-1RA, exenatide. 61 
Tolerability and patient satisfaction
All studies in the GetGoal program except the GetGoal-M study provided information about patient discontinuation due to adverse events, which can be used as an expression of tolerability. A discontinuation rate due to AEs above 10% was only observed in patients treated with two-step titration in the GetGoal-F1 study. In the GetGoal-Mono study, AEs due to lixisenatide monotherapy caused discontinuation in less than 5% of patients. In the remaining studies, treatment with lixisenatide as add-on to various other antidiabetic drugs resulted in discontinuation due to AEs in 5%-10% of patients (Table 4) . A tendency towards less discontinuation due to AEs in the control groups was observed in all of the placebo-controlled studies in the GetGoal program. Several of the studies stated that discontinuation due to AEs was mainly a result of nausea and vomiting. [46] [47] [48] 58, 59 Furthermore, higher rates of overall discontinuation (all reasons) were reported following treatment with lixisenatide, as compared with placebo (Table 4) . Similar discontinuation rates were seen when comparing lixisenatide to the other available GLP-1RAs, exenatide and liraglutide. In the GetGoal-X study, 49 treatment with lixisenatide and exenatide led to discontinuation due to AEs in 9.1% and 9.8% of patients, respectively. The corresponding rates submit your manuscript | www.dovepress.com Dovepress Dovepress in the trial comparing lixisenatide and liraglutide were 2.6% and 2.8%, respectively. 50 GetGoal-X was the only study that directly addressed patient satisfaction in relation to treatment with lixisenatide. This was done using the Patient Assessment of Upper Gastrointestinal Disorders-Quality Of Life (PAGI-QOL) questionnaire that is a tool for assessing quality of life in patients with upper gastrointestinal disorders. Changes in the PAGI-QOL score of less than 0.4 in relation to treatment is described to be without any clinical relevance. 62 The change from baseline in PAGI-QOL score did not differ between lixisenatide-and exenatide-treated patients, with absolute changes of -0.09 and -0.06, respectively. 49 A recently published review by Russell 63 discussed patient satisfaction in relation to different incretin-based therapies. Despite the need for injections and a higher frequency of gastrointestinal side effects, a greater patient satisfaction was seen in relation to treatment with the GLP-1RAs liraglutide and exenatide in comparison with DPP-4 inhibitors. The author suggested a greater effect with respect to glycemic control and weight loss as the most likely explanation for this finding.
Conclusion, place in therapy
A dose of 20 µg once daily administered before breakfast has been established as the most rational regimen of treatment with lixisenatide (Lyxumia). This regimen is similar to the once daily administration of liraglutide (Victoza) and differs from the twice daily (Byetta) and once weekly (Bydureon) administration of exenatide.
In the GetGoal Phase III study program, lixisenatide has demonstrated significant reduction in HbA 1c , FPG, and PPG compared with placebo. The effect on glycemia was present for both monotherapy and in combination with insulin and various oral antidiabetic agents. Furthermore, a trend towards reduced body weight, in the range of 0.5-1.0 kg was observed. However, in several of the studies, the reported reductions in body weight were not statistically significant. Exenatide and liraglutide have been reviewed elsewhere, and these drugs were shown to reduce HbA 1c by about 1-2 percentage points and cause a weight loss of ∼2 kg. 64 A recent meta-analysis concerning the efficacy of treatment with the various DPP-4 inhibitors has reported placebocontrolled reductions in HbA 1c and FPG of 0.5%-1.0% and 0.7-1.5 mmol/L, respectively. 65 Furthermore, the DDP-4 inhibitors were found to be weight neutral. 65 Thus, the treatment effects of lixisenatide, in terms of HbA 1c , FPG, and body weight, seem to be very similar to the efficacy of treatment with DPP-4 inhibitors. However, it has to be noted that no direct comparisons have been carried out.
The potential of lixisenatide, in terms of PPG reduction, has been demonstrated in a direct comparison with liraglutide. The delaying effect on gastric emptying by GLP-1 has been shown to wane during continuous exposure, 24 and this could very likely be the explanation for the significantly larger effect of the short-acting lixisenatide (t ½ = 2-3 hours) on PPG as compared with the longer acting liraglutide (t ½ = 13 hours). The clinical value of targeted treatment of PPG excursions still needs to be determined. As previously described, PPG has been recognized as a contributor to overall glycemic control, in terms of HbA 1c , in patients with mild to moderate severity T2DM. In the GetGoal-Duo 1 study, a decrease in HbA 1c was observed without a corresponding decrease in FPG, which could indicate an important role of PPG when it comes to achieving overall glycemic control. Furthermore, PPG has been discussed as a potential therapeutic target with respect to achieving reduced cardiovascular morbidity in relation to T2DM. 66 Based on the results from the GetGoal-X study and the comparison with liraglutide, it appears that liraglutide and possibly exenatide are superior to lixisenatide in terms of HbA 1c reduction. 49, 50 However, the GetGoal-X study claimed noninferiority of lixisenatide in comparison with exenatide, based on a defined noninferiority margin (95% confidence interval of the difference not exceeding 0.4). Furthermore, the limited duration of the trial with liraglutide should be taken into account when interpreting the result of this study. The two studies demonstrated a superior reduction in body weight after treatment with exenatide and liraglutide as compared with lixisenatide. In addition, liraglutide was found to reduce FPG more than lixisenatide.
Nausea and vomiting were the most frequently observed adverse events in relation to treatment with lixisenatide. Although several studies listed nausea and vomiting as the main reasons for discontinuation of treatment, these events were in general reported to decrease within the first weeks of ongoing use. Hypoglycemic events after treatment with lixisenatide seemed to be highly dependent on comedication with insulin or the sulfonylureas, and the risk of hypoglycemia must be considered when applying these combinations of antidiabetic treatment. Similar rates of discontinuation were observed after treatment with lixisenatide, exenatide, and liraglutide.
Weighing the efficacy against the adverse events and the economic costs generated by a specific treatment is a rational approach when having to decide on a specific treatment, and when comparing across treatments with the same indication. At best, lixisenatide seems to be equivalent to the alternative GLP-1RAs, with respect to HbA 1c , FPG, and submit your manuscript | www.dovepress.com Dovepress Dovepress weight reduction. However, in direct comparisons, lixisenatide demonstrated a tendency towards fewer AEs. Considering the equal method of action, it is likely that the difference in efficacy and AEs is mainly a pharmacokinetic issue.
The combination of a substantial effect on PPG and a labeling of once daily administration is, however, a discerning factor compared with the GLP-1RAs already on the market. The combination of basal insulin, with its lowering effect on FPG, and lixisenatide, curtailing the postprandial glucose excursions, makes sense from a clinical point of view. Not surprisingly, lixisenatide is undergoing clinical development as a combination product with insulin glargine (Lantus ® ; Sanofi). This treatment combination has been shown to substantially improve HbA 1c , without weight gain, in the GetGoal-L, GetGoal-L-Asia, and the GetGoalDuo 1 studies. At present, unless lixisenatide is priced lower than the already available GLP-1RA alternatives, it appears that the main place in therapy for lixisenatide is in the combination with insulin glargine. The ongoing multicenter ELIXA study (evaluation of cardiovascular outcomes in patients with Type 2 Diabetes after Acute Coronary Syndrome during treatment with AVE0010 [Lixisenatide], NCT01147250) will determine the future potential of lixisenatide in preventing cardiovascular events and mortality, in patients with T2DM and recent acute coronary syndrome.
